The two metrics traditionally used to quantify the colour properties of light sources are the correlated colour temperature and the CIE General Colour Rendering Index. With the arrival of LEDs as a major light source questions began to be asked about the merits of both of these metrics. The question asked about correlated colour temperature was how far should the chromaticity of a light source be allowed to depart from the Planckian locus before the light emitted could no longer be said to be white? A tolerance to such a departure (Duv) already existed but now gathered much more attention. The questions asked about the CIE General Colour Rendering Index were more searching. The limitations of the CIE General Colour Rendering Index were explored and, as a result, several alternative approaches to quantifying the colour rendition properties of light sources were proposed. The most comprehensive approach was produced by the Illuminating Engineering Society of North America, first in its Technical Memorandum IES TM-30-15 and more recently in its revision, Technical Memorandum ANSI/IES TM-30-18, which has been accepted as an American Standard. Both these documents describe a system that contains two high-level summary metrics: One for the average fidelity, i.e. how accurately a test light source renders 99 colour samples relative to how they are rendered under a reference illuminant, and the other for the average colourfulness, i.e. the overall increase or decrease in colourfulness of the same colour samples under the same test light source compared to the same reference illuminant. Associated with these overall average metrics are a number of more detailed metrics and graphical presentations. These aim to quantify and illustrate the variations in fidelity and the direction and magnitude of the shifts in chroma and hue around the hue circle. Compared to the CIE General Colour Rendering Index or the CIE Fidelity Index, a metric published by the CIE in 2017, ANSI/IES TM-30-18 provides a more comprehensive approach to quantifying and understanding the effects of light source spectrum on the perception of colour. Unfortunately, the new colour metrics described in IES TM-30-15 and ANSI/IES TM-30- 18 have not yet been accepted by the CIE. Despite this, some light source manufacturers have started to provide information on their products expressed in terms of the ANSI/IES TM-30-18 colour metrics and designers are beginning to request them. The expectation is
that, eventually, the ANSI/IES TM-30-18 metrics will be adopted by many countries and authorities, because they provide a much more comprehensive description of the colour properties of a light source than the CIE General Colour Rendering Index. This will be of value to light source manufacturers and lighting designers as well as those who prepare lighting codes and guides. It is expected that in the future the minimum set of data considered acceptable for describing the colour properties of a light source are likely to be the correlated colour temperature and the associated Duv value, the CIE Fidelity Index or the matching ANSI/IES TM-30-18 Fidelity Index, together with the ANSI/IES TM-30-18 Gamut Index and the ANSI/IES TM-30-18 Colour Vector Graphic.
What is colour?
Colour is a perception. It is created in the brain based on information derived from the cone photoreceptors in the retina of the eye. There are three cone photoreceptors in the retina, with peak sensitivities at different wavelengths, conventionally called the short-(S), medium-(M) and long-(L) wavelength sensitive cones ( Figure 1 ). Signals from these cones are combined together in different ways to produce three channels feeding signals to the visual cortex of the brain, one additive channel and two difference channels ( Figure 2 ). People with abnormal photopigments in their cone photoreceptors or who are missing one or more of the three photoreceptor types are considered to be colour deficient. The impact of this limitation can vary widely from hardly noticeable to making life difficult, although any form of colour deficiency may rule out some occupations. 1 Given that the perception of colour depends on signals from the cone photoreceptors, the operating states of the visual system necessary for colour to be seen are the photopic and the mesopic, colour discrimination being better in the former than the latter. In the scotopic state, where only rod photoreceptors are active, colour vision is reduced to the perception of shades of grey. The lighting of interiors is in most cases 550 600 650 700 750 Figure 1 The log relative normalised spectral sensitivities of long-(L), medium-(M), and short-(S) wavelength sensitive cone photoreceptors enough to ensure photopic operation while exterior lighting is usually enough to ensure either photopic or mesopic operation. No lighting installation worthy of the name will limit vision to the scotopic state. The main lighting factor determining what colour will be perceived is the spectral power distribution (SPD) of the light delivered to the retina although other factors such as the luminance and colour of the surround and the state of luminance and chromatic adaptation also have an influence. Different light sources have very different SPDs. The SPD of the light source may be delivered directly to the eye, although it will inevitably be modified by the spectral transmittance characteristics of the eye before it reaches the retina. The SPD of the light source may also be delivered to the eye indirectly after reflection from a surface or transmittance through a medium. Again, the spectral reflectance of the surface or spectral transmittance of the medium may modify the SPD of the light source before it reaches the eye. 4 Lighting designers may or may not have knowledge of the spectral reflectances of the surfaces in the spaces they are asked to light but they will certainly be expected to select a light source with an SPD appropriate for the application. This is why lighting standards and guidance generally include quantitative recommendations for light source colour properties, known as colour metrics. [5] [6] [7] [8] Recent developments in colour metrics are the subject of this Digest. Figure 2 The organization of the human colour system showing how the three cone photoreceptor types feed into one achromatic, non-opponent channel and two chromatic, opponent channels
Summary 1
Colour is a perception constructed in the brain from signals sent from the long-, medium-and short-wavelength sensitive cone photoreceptors in the retina of the eye. The colour seen depends on the operating state of the retina and the spectrum of the light reaching the retina. The operating state has to be one where the cone photoreceptors are active, i.e., the photopic or the mesopic. Daylight and almost all forms of interior lighting deliver enough light for photopic operation. Outdoor lighting after dark will usually provide enough light for either photopic or mesopic operation. In the scotopic state, when only the rod photoreceptors are active, colour vision is restricted to shades of grey. Light sources of different types emit light of different spectra. Before reaching the retina, these spectra can be modified by the spectral reflectance of any surfaces from which the light is reflected, or by the spectral transmittance of the medium through which the light is transmitted, including that of the interior of the eye. Nonetheless, it is the spectrum of light emitted by the light source that fundamentally determines the perception of colour. Colour metrics are quantities used to characterise the appearance of the light emitted by a light source as well as the ability of that light to render colours.
Traditional colour metrics
Traditionally, the colour properties of a light source have been described with the help of two single-number metrics, one for the colour appearance of the light emitted by the light source and one for what effect the emitted light has on the colour appearance of illuminated surfaces. The metric commonly used to describe the colour appearance of the light emitted by a light source is the correlated colour temperature (CCT). The metric for the effect of the emitted light on the colour appearance of illuminated surfaces is the CIE General Colour Rendering Index (R a ; usually written as CRI). 9 There are two important differences between the colour appearance of the emitted light and its colour rendering. First, the colour appearance of the light emitted by the light source is subject to chromatic adaptation, a process that reduces the strength of any tint in the emitted light over time. Second, the colour rendering of the light emitted by a light source cannot be judged by looking at the light source alone or by looking at white or grey surfaces. To estimate the colour rendering of a light source it is necessary to see how it affects surfaces with very different spectral reflectances. Together, these differences mean that the colour appearance of the light emitted by a light source is a completely different property of vision to the colour rendering of the light source, which is why different metrics are required.
Colour appearance: Correlated colour
temperature CCT is a metric used to quantify the colour appearance of the light emitted by a light source. The basis of CCT is the fact that spectral emission of a black body is defined by Planck's radiation law and hence is a function of its temperature alone. Figure 3 shows a section of the CIE 1931 (x, y) chromaticity diagram with the Planckian locus shown. The locus is the curved line joining the chromaticity coordinates of black bodies at different temperatures. The lines running across the Planckian locus are isotemperature lines. When the chromaticity coordinates of a light source lie directly on the Planckian locus, the colour appearance of
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Traditional colour metrics
Colour appearance: Correlated colour
temperature CCT is a metric used to quantify the colour appearance of the light emitted by a light source. The basis of CCT is the fact that spectral emission of a black body is defined by Planck's radiation law and hence is a function of its temperature alone. Figure 3 shows a section of the CIE 1931 (x, y) chromaticity diagram with the Planckian locus shown. The locus is the curved line joining the chromaticity coordinates of black bodies at different temperatures. The lines running across the Planckian locus are isotemperature lines. When the chromaticity coordinates of a light source lie directly on the Planckian locus, the colour appearance of the light emitted by that light source is expressed by the colour temperature, i.e. the temperature of the black body that has the same chromaticity coordinates. For light sources with chromaticity coordinates close to the Planckian locus but not on it, their colour appearance is quantified as the CCT, i.e. the temperature of the iso-temperature line that is closest to the actual chromaticity coordinates of the light source. The temperatures are usually given in degrees Kelvin (K).
CCT is a very convenient and easily understandable metric of light source colour appearance, applicable to nominally white light sources. As a rough guide, light sources having CCTs ranging from 2400 K to 6500 K are commercially available. Even with complete chromatic adaptation, a 2700 K light source, such as an incandescent lamp, will still have a yellowish colour appearance and be described as 'warm,' while a 6500 K light source, such as some types of LEDs, will have a bluish appearance and be described as 'cool.' The CCTs of the most commonly used light sources lie in the range 2700 K to 5000 K. It should be noted that CCTs quoted by manufacturers are subject to some rounding up or down due to standards that permit some variation in manufacture.
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Colour rendering: CIE CRI
The CIE General CRI is the metric conventionally used to measure how accurately a given light source renders a set of standard test colours relative to their appearance under a reference illuminant of the same CCT as the light source of interest. 9 The reference illuminant used is Planckian radiation for light sources with a CCT below 5000 K and a standardized model of daylight for light sources with a CCT equal to or above 5000 K. The actual calculation involves obtaining the chromaticity coordinates of a test colour sample in the CIE 1964 U*,V*,W* colour space under the reference illuminant and under the light source of interest and expressing the difference between the two positions on a scale that gives perfect agreement between the two positions a value of 100. The CIE colour rendering system uses 14 standard test colours. The first eight form a set of pastel colours arranged around the hue circle. Test colours 9-14 represent some highly saturated colours and some commonly occurring colours, such as Caucasian skin and vegetation. The result of the calculation for any single colour is called the CIE Special CRI for that colour, written as R i . The average of the special CRIs for the first eight test colours is called the CIE General CRI (R a ).
Lighting guides and standards recommend CIE General CRI values for specific applications. [5] [6] [7] [8] Light source manufacturers use both the CIE General CRI and the CIE Special CRIs, in their product development, but usually publish only the former and, often, for phosphor-converted LEDs, the R 9 value (saturated red), if it is to their advantage. Manufacturers know that light sources for most indoor applications need a CIE General CRI value of at least 80 to be marketable. They therefore adjust the SPDs accordingly, accepting, as a result, a lower luminous efficacy of radiation and increased manufacturing costs.
Although the CIE General CRI has been used for many years as a measure of the ability of a light source to reproduce the appearance of surface colours relative to how they appear when lit by a reference illuminant of the same CCT, it was only with the appearance of colour-mixed LEDs producing white light that its known limitations became a practical problem. Specifically, the CIE acknowledged that ranking light sources by their acceptability to people did not match with their CIE General CRI values. 13 In a sense this discrepancy originated from the belief that the CIE General CRI is a measure of the colour quality of the light source, something that it was never intended to be. This finding generated some discussion on the limitations of the CIE General CRI. 16 and, due to the small number, they do not cover the all wavelengths equally. [17] [18] [19] The latter condition would be required for an unbiased response to limit the possibility of 'gaming', i.e. selective optimisation of the colour properties of light sources during development.
Colour space
It uses the CIE 1964 U*V*W* colour space, which is perceptually non-uniform; over the years new, perceptually more uniform colour spaces have been invented. 14, 16, 19 Chromatic adaptation
It uses an early version of the von Kries chromatic adaptation model, which is now considered obsolete. It should be replaced with a new chromatic adaptation model. 14, 19 Score range Whereas the maximum score is set as 100, a particularly bad result can have a negative value, which is deemed confusing. 14, 16, 19 Reference light source
The reference light source changes abruptly from an incandescent / blackbody radiator to a mathematical model of daylight at a CCT of 5000 K which is perverse, particularly for light sources with variable CCTs. 19 Equal treatment of colour differences All colour differences are treated equally, even those that might be seen as favourable 16, 18 summarizes some of the identified limitations of the method used to calculate the CIE General CRI. The limitations listed in Table 1 
New colour metrics
3.1 Colour appearance: Duv -An additional criterion for CCT The light from two light sources with the same CCT can have different colour appearances. This is because the two light sources can lie at different points along the same isotemperature line. Light sources that have chromaticity coordinates beyond the isotemperature lines crossing the Planckian locus (see Figure 3) should not be given a CCT. Such light sources will not appear white but will appear greenish when their summarizes some of the identified limitations of the method used to calculate the CIE General CRI.
The limitations listed in Table 1 all refer to the way the CIE General CRI is calculated but there are wider problems with its interpretation:
1) The CIE General CRI is a single number created by averaging the colour differences of the eight test colour samples arithmetically. Therefore, the same CIE General CRI (Ra) value can be achieved by many combinations of CIE Special CRI (Ri) values, which means that different light sources with the same CIE General CRI (Ra) may render surface colours in different ways.
2) The averaging means that a high CIE General CRI (Ra) value can be achieved, even if one or two of the individual CIE Special CRI (Ri) values are very low. 16, 19 3) The CIE General CRI is CCT-dependent. CIE General CRI values for light sources with very different CCTs should not be compared.
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Summary 2
There are two colour metrics traditionally used in lighting standards and on manufacturers' websites. One is the correlated colour temperature which describes the colour appearance of the light emitted by the light source. The other is the CIE General Colour Rendering Index (R a ) which quantifies the ability of the light source to render a range of eight colour samples in the same way as a reference illuminant of the same correlated colour temperature.
The correlated colour temperature is easily understood and, provided it is only applied to sources producing white light, is a convenient means of quantifying the colour appearance of the light emitted by a light source. However, it has a limitation in that small departures from the Planckian locus can be readily detected so a metric quantifying this departure is required. The CIE General Colour Rending Index (R a ) is less easily understood and has a number of limitations, some of which have been more clearly exposed by the advent of colour-mixed LEDs. The limitations range from the calculation methods to the single number form of the metric. The calculation of the CIE General Colour Rendering Index (R a ) involves the use of outdated colour space and colour adaptation models, a limited number of colour samples and a discontinuity in the reference illuminant used. As for the single number form, this is a limitation because when something as complex as colour perception is reduced to a single number information is inevitably lost. As a result, two light sources can have the same R a values but differ in how they render colours. It is these limitations in R a together with the possibility of constructing many different light spectra from narrow band LEDs that have driven the development of new colour metrics.
New colour metrics
3.1 Colour appearance: Duv -An additional criterion for CCT The light from two light sources with the same CCT can have different colour appearances. This is because the two light sources can lie at different points along the same isotemperature line. Light sources that have chromaticity coordinates beyond the isotemperature lines crossing the Planckian locus (see Figure 3) should not be given a CCT. Such light sources will not appear white but will appear greenish when their New colour metrics and their use 663 chromaticity coordinates lie some distance above the Planckian locus or purplish if they lie some distance below it. This means that there is a need for some metric to identify how far away from the Planckian locus the chromaticity coordinates of a light source lie. This metric, called Duv, is the distance between the chromaticity coordinates of the light source and the nearest point on the Planckian locus, measured on the CIE 1960 (u, v) uniformchromaticity-scale diagram. The maximum commonly used Duv values for white light are AE0.006, positive values being for chromaticity coordinates above and negative for below the Planckian locus. Standards that allow for variation in manufacture by specifying chromaticity bins within which all light sources are given the same nominal CCT use a Duv of AE0.006 or less as the tolerance, even when the centre of the bin is below the Planckian locus. 11 Together, CCT and Duv provide an intuitively understandable and quantitative description of the colour appearance of the light produced by a light source.
Colour rendering
A lot of proposals for improvements to the CIE General CRI, either as replacements or extensions, have been made over the years. 14, 16, 18, 21 Some of these proposals corrected the deficiencies of the CRI and therefore ended up being similar to it. 14, 16, 22 Some advocated a two measures approach, 18, 23, 24 others went further and suggested the use of graphics such as colour rendering vectors and colour rendering icons, 17, 25 and others saw the need to address different audiences with different metrics. 16 All these proposals had one thing in common: None of them were approved by the Commission Internationale de l'Eclairage (CIE), the international authority for photometry and colorimetry. Then, in May 2015, the Illuminating Engineering Society of North America (IES) approved Technical Memorandum IES Method for Evaluating Light Source Color Rendition (IES TM-30-15). 26 In 2018, this document was revised and now exists as ANSI/IES TM-30-18 (see Section 3.2.3).
IES TM-30-15
IES TM-30-15 contained a number of measures of the colour rendering properties of light sources at different levels of detail and in both numeric and graphic formats. 26 It included a measure viewed as a potential candidate to directly replace the CIE General CRI. The IES Fidelity Index (IES TM-30-15 Rf) was named to better define its purpose, i.e. a fidelity comparison at a given CCT. It addressed some of the CRI's deficiencies listed in Table 1 , as it used:
The CIE 1964 108 colour matching functions as these are considered 'more representative of general viewing' 15 A set of 99 test colour samples (called 'colour evaluation samples' (CES)), which are uniform in colour space and across wavelength space. 26, 27 The CAM02 uniform colour space (UCS), which is the most uniform currently in existence and also includes the most recent chromatic adaptation transformation (CAT02). 28 A new calculation procedure to scale the colour fidelity score to fit a 0-100 range so no negative values can be obtained. A gradual transition in the reference illuminant between 4500 K and 5500 K CCT to avoid the abrupt transition.
For the same spectrum, these changes resulted in IES Rf 15 values that are on average lower than the corresponding CIE General CRI values. IES TM-30-15 also addressed the problem that a lot of information is lost by generating an average. It provided more detailed information by dividing the a 0 -b 0 plane of the CAM02-UCS colour space into 16 hue-angle bins, each covering 22.58 of the hue circle (Figure 4 ). Using the individual colour differences for the CES located in these In addition to the various forms of the Fidelity Index described above, IES TM-30-15 offered metrics that complement them. 26, 30 Whereas the IES Fidelity Index (IES Rf 15 ) simply looked at the average magnitude of the colour differences of the CES between the test light source and the reference illuminant, IES TM-30-15's Gamut Index (IES Rg 15 ), provided an indication as to whether that average difference is due to an increase or decrease in chroma The ratio of the area of the test light source polygon to the area of the reference illuminant polygon corresponds to the IES Gamut Index (IES Rg 15 ). Equal areas are given a value of 100. An IES Gamut Index above 100 indicates the test light source, on average, produces an increase in chroma, whereas a value below 100 indicates that, on average, it produces a decrease in chroma, relative to the reference illuminant.
The implications of a diagram plotting the coordinates of the 99 CES under the test light source and the reference illuminant on the a 0 -b 0 plane of the CAM02-UCS colour space ( Figure 7 left) are difficult to appreciate. IES TM-30-15 uses the hue-angle bin system to make the available information easier to grasp (Figure 7 right) .
IES TM-30-15 also specified the average chroma shift for the test light source relative Color evaluation sample to the reference illuminant, as a percentage, based on the average coordinates of the CES in each of the 16 hue-angle bins. These complement the IES Fidelity Indices to the extent that they indicate whether part of the colour difference in each hue-angle bin is due to an increase or decrease in chroma. A positive value indicates an increase in chroma, a negative one a decrease (Figure 8 ). IES TM-30-15 also offered some unscaled graphics to illustrate the changes in hue and chroma due to the different SPDs of the test light source and the reference illuminant. The most useful of these is the colour vector graphic (Figure 9 ). In this graphic the gamut of the reference illuminant is represented by a smoothed circle drawn with a black line. The gamut of the test light source is drawn as a second smoothed curve in red. The average colour difference in a hue-angle bin is represented by an arrow originating on the black circle and ending on the red test light source circle. The directions of the arrows indicate what part of the colour difference is due to a hue shift (tangential to the black circle) and what part is due to a change in chroma (radial direction a ; pointing towards the centre indicates a decrease, pointing outwards indicates an increase in chroma; see also Figure 8 ).
It is important to appreciate the shift in objective represented by IES TM-30-15's additional metrics and graphics based on the colour gamut. The colour fidelity metrics are all concerned with the accuracy of the rendering of the colour of surfaces produced by the test light source relative to how they appear under a reference illuminant with the same CCT. The metrics based on the colour gamut abandon the idea that the only thing that matters for evaluating the colour rendering properties of a light source is matching the reference illuminant (colour fidelity) and enables the idea that a light source should seek to make surface colours appear how people prefer them to appear. This is important because it has been found that people often prefer colours to have a higher chroma than they have under a reference illuminant, particularly for red, 6, 31, 32 although, if taken too far, the colours will then be considered unnatural and will be disliked. Appreciating this difference is important when considering the trade-off between the IES Gamut Index (IES Rg 15 ) and the IES Fidelity Index (IES Rf 15 ). 29 The possible range of the former increases as the value of the latter decreases. At the highest possible IES Fidelity Index (IES Rf 15 ¼ 100) the IES Gamut Index (IES Rg 15 ) has to be equal to 100. To achieve an increase or decrease in Gamut Index, the fidelity has to be reduced. Almost all light sources in the IES TM-30-15 Library of Light Sources have an IES Rf 15 /IES Rg 15 combination in the nonshaded area of Figure 10 .
However, it has been argued that colour fidelity is the only concept that can be objectively measured and hence should be the only metric considered 33 and that colour preference is a non-scientific concept as it is likely to be dependent on fashion, culture and context, which means it will inevitably be very labile. Despite this argument it is undeniable that a manufacturer who produces a light source that makes surfaces appear as people prefer them to appear will be on to a winner so the gamutbased metrics are probably here to stay. 
The CIE Fidelity Index
In 2017, not too long after the publication of IES TM-30-15, the CIE published a new metric, the CIE Fidelity Index (CIE Rf). Table 2 summarizes the similarities and differences between the CIE Rf and the IES Rf 15 Fidelity Indices. The CIE decided to use a scaling factor that made the average CIE Rf value for currently commonly available lamps equal to Ra as opposed to IES TM-30-15, which used the CIE standard illuminants (F1-F12). This resulted in higher CIE Rf scores compared with the corresponding IES Rf 15 . In addition, the CIE decided to have a different blending range in order to directly employ D50, which is a commonly used reference illuminant.
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The CIE insisted that their CIE Rf was for accurate scientific use only and was not to be considered as a replacement for the CIE General CRI. 35 The CIE stated that a decision on this matter would only be taken once a second CIE Technical Committee, which was examining colour metrics associated with naturalness, vividness and preference and therefore beyond fidelity, had finalized its recommendations.
The CIE has also made a recommendation to graphically depict the colour shifts found for their CIE Rf. 35 In line with the IES TM-30-15 system, it uses hue-angle bins to group the CES but only eight bins rather than the 16 used in IES TM-30-15. Further, the CIE proposal is for only a graphic, not to calculate localised colour fidelity. 35 
ANSI/IES TM-30-18
In 2018, the Illuminating Engineering Society of North America published ANSI/ IES TM-30-18 as a revision of IES TM- . 29 This introduced a number of changes and additions. One important change Fidelity Index (IES Rf 18 ) and Gamut Index (IES Rg 18 ) values (see Figure 11 ). ANSI/IES TM-30-18 also provides names for some metrics: what IES TM-30-15 described as the 'average fidelity indices for the 16 hue-angle bins' (see Figure 5 ) and the chroma shifts of the 16 hue-angle bins (see Figure 8) , ANSI/IES TM-30-18 calls 'Local Colour Fidelity' and 'Local Chroma Shift', respectively. Furthermore, ANSI/IES TM-30-18 introduced the Local Hue Shift, which complements the Local Chroma Shift. They both require the vector describing the average colour shift for the colour samples in a hue-angle bin illuminated by the reference illuminant and the test light source to be resolved into its radial and tangential components. Local Chroma Shift is the average radial change in chromaticity for the colour samples in a given hue-angle bin when illuminated by the reference illuminant and the test light source and therefore represents the change in chroma. Positive values indicate an increase in chroma, negative values a decrease in chroma. Local Hue Shift is the tangential change in chromaticity for the colour samples in a given hue-angle bin illuminated by the reference illuminant and the test light source and therefore represents the change in hue. Positive values indicate a clockwise shift in hue, e.g., blue moving towards green, negative values indicate an anticlockwise shift in hue, e.g., green moving towards blue.
These three 'local metrics' have 16 values each (i.e. one for each hue-angle bin), but use different units (see Figure 12 ). The Local Colour Fidelity (R f.hj ) value is scaled to cover a range of 0 to 100 in the same way as the IES Fidelity Index (IES Rf 18 ). The Local Chroma Shift (R cs.hj ) is expressed in percentages relative to the average coordinates of the colour samples in a hue-angle bin under the reference illuminant. Local Hue Shift (R hs.hj ) is expressed in radians, i.e. the SI unit for measuring angles. It should be noted that these three metrics are still averages but they are averages over a smaller range of hueangles than the Rf or Rg, which cover the entire hue circle. As such, they provide a way of considering the shape of the gamut, a factor that has been shown to be important in determining preference. 34 
Summary 3
The only new colour metric applicable to the colour appearance of the light emitted by a light source and quantified by the CCT is Duv. This is the distance between the chromaticity coordinates of the light source and the nearest point on the Planckian locus, measured on the CIE 1960 (u, v) uniform-chromaticity-scale diagram. The usual Duv values adopted for white light are within AE0.006, positive values being for chromaticity coordinates above and negative for below the Planckian locus. Together, CCT and Duv provide an intuitively understandable and quantitative description of the colour appearance of the light produced by a nominally white light source. The new colour metrics for colour rendition have a more convoluted story. The story starts in 2015 when the Illuminating Engineering Society of North America (IES) published its Technical Memorandum 'IES Method for Evaluating Light Source Color Rendition' (IES TM-30-15). This contained a multi-metric approach to colour rendition and explored both numerical and graphical means to characterise colour rendition. One metric, called the IES Fidelity Index, was basically a replacement for the CIE General Colour Rendering Index (Ra). It used the same approach of quantifying the average difference between the positions in colour space of a number of colour samples under a test light source and a reference illuminant of the same correlated colour temperature. However, the 2015 IES Fidelity Index minimized some of the limitations of the CIE General Colour Rendering Index by using a more accurate colour space and colour adaptation models, together with 99 colour samples and a gradual transition in the reference illuminant. Of course, this is still an average measure so information has been lost. To recover some of this information, IES TM-30-15 divided the hue circle into 16 equal angle hue circle bins and allocated each colour sample into a bin according to where the coordinates under the reference illuminant fell. Then, it provided an average IES Fidelity Index for each hue circle bin individually. As if this is not enough, it also provided the IES Fidelity Indices for each of the 99 colour samples individually. The other average metric introduced was the IES Gamut Index. This is designed to identify whether the effect of the spectrum of the test light source tends to increase or decrease the chroma of the colour samples. Using the same colour space, chromatic adaptation model, colour samples and reference illuminants as the IES Fidelity Index, the average chromaticity positions of the colour sample under the test light source and the reference illuminant in each hue-angle bin are plotted. These 16 locations are then joined to form polygons for the test light source and reference illuminant. The ratio of the area of the test light source polygon to the area of the reference illuminant polygon corresponds to the IES Gamut Index (IES Rg 15 ). Equal areas are given a value of 100. An IES Gamut Index above 100 indicates the test light source, on average, produces an increase in chroma, whereas a value below 100 indicates that, on average, it produces a decrease in chroma, relative to the reference illuminant. IES TM-30-15 also calculated the average chroma shift for the test light source relative to the reference illuminant, as a percentage, for the colour samples in each of the 16 hue-angle bins. IES TM-30-15 also used graphics to display the results of these calculations. Of specific interest is the colour vector graphic. This normalises the average position of the colour samples in each of the 16 hue angle bins under the reference illuminant to form a circle. Then the 16 positions of the same colour samples under the test light source are plotted. A vector is plotted from the reference position to the test position in each hue angle bin. This graphic makes it immediately obvious where around the hue circle the test light source increases or decreases chroma. Further, the direction of the arrow indicates whether the shift is primarily a change of hue or chroma. In 2017, the CIE responded to the publication of IES TM-30-15 by publishing a new metric, the CIE Fidelity Index. This was very similar to the IES Fidelity Index in that it uses the same colour space and chromatic adaptation models and the same 99 colour samples. However, it did use a different scaling factor that made the average CIE Fidelity Index values for currently commonly available light sources closer to their CIE General Colour Rendering Index values. The CIE also insisted that their CIE Fidelity Index was for accurate scientific use only and was not to be considered as a replacement for the CIE General Colour Rendering Index. In 2018, the Illuminating Engineering Society of North America published ANSI/IES TM-30-18 as a replacement of IES TM-30-15. This introduced a number of changes. The most important changes occurred in the calculation of the IES Fidelity Index. The purpose of these changes was to make the IES Fidelity Index in ANSI/IES TM-30-18 identical to the CIE Fidelity Index. Also, the New colour metrics and their use 673 information in the colour vector graphic was enhanced and the chroma shifts associated with each hue angle bin were renamed and refined so as to provide a clearer indication of the direction and magnitude of the hue and chroma shifts.
The new colour metrics in practice
Anyone considering the use of the new colour metrics has to ask a number of questions: how well accepted are the new metrics, how much difference do they make, how easy are they to use, and what are their limitations? Each of these questions will be considered in turn.
How well accepted are the new colour metrics?
The question of acceptance can be examined at two levels, the official and the practical. The official answer to this question is that none of the new colour metrics appear in recognised international lighting standards. However, the metric Duv is beginning to appear in lighting guidance. In practice, this metric has been well accepted by the lighting industry as a means of improving the quality of LED products but the understanding of its meaning by designers and specifiers lags behind. More education and experience is required before everyone will recognize that both CCT and Duv are required to define the colour appearance of the light emitted by a light source. 12 The official situation for the new colour rendering metrics is less advanced. Although ANSI/IES TM-30-18 is now a National Standard in the United States and its measures form part of the recommendations produced by the IES, and while the IES TM-30-15 metrics are being used by other bodies such as the US Department of Energy and the International WELL Being Institute in their lighting specifications, for many countries both IES TM-30-15 and ANSI/ IES TM-30-18 still suffer from the absence of any endorsement from the CIE. Despite this, some light source manufacturers have started to provide information on their products expressed in terms of the ANSI/IES TM-30-18 colour metrics and designers are beginning to request them, especially the detailed information on fidelity and chroma as well as the colour vector graphic. The expectation is that, eventually, the ANSI/IES TM-30-18 metrics will be adopted by many countries and authorities, because they provide a much more comprehensive description of the colour properties of a light source than the CIE General CRI.
As for the CIE Rf, the CIE explicitly stated that this is intended to be for research use only and is not a replacement for the CIE General CRI. 35 A cynic might regard the development of the CIE Rf as an action designed to limit the adoption of the IES TM-30-15 metrics and to maintain the position of the CIE as the global authority on colorimetry. The IES countered this by changing the calculation of the IES Fidelity Index (IES Rf 18 ) in ANSI/IES TM-30-18 so that it is now identical in all respects with the CIE Rf. However, the IES explicitly rejects the limitation to research use only, believing that the measures given in TM-18-30, taken together, give a much more complete picture of the colour properties of a given light spectrum and therefore represent a way to advance the practice of lighting at a time when solid state light sources make a wide range of spectra possible.
It is important to note that these developments have resulted in a situation where there are four different fidelity indices that may be found in documents, i.e. CRI Ra, IES Rf 15 , IES Rf 18 and CIE Rf. While the calculations leading to IES Rf 18 and CIE Rf are identical, those leading to IES Rf 15 are not. This means care is necessary to be sure which of these information in the colour vector graphic was enhanced and the chroma shifts associated with each hue angle bin were renamed and refined so as to provide a clearer indication of the direction and magnitude of the hue and chroma shifts.
The new colour metrics in practice
How well accepted are the new colour metrics?
It is important to note that these developments have resulted in a situation where there are four different fidelity indices that may be found in documents, i.e. CRI Ra, IES Rf 15 , IES Rf 18 and CIE Rf. While the calculations leading to IES Rf 18 and CIE Rf are identical, those leading to IES Rf 15 are not. This means care is necessary to be sure which of these fidelity indices is being used whenever a fidelity index is mentioned.
How much difference do the new colour
metrics make? Duv has been used to specify the chromaticities that can be considered to have the same CCT. 11 This may be significant in practice in that it provides a means to ensure colour uniformity, i.e. how well a number of different light sources will match each other in colour appearance, although this is more usually done using MacAdam ellipses. Further, it rids the market of light sources with a poor claim to be considered a source of white light.
As for the colour rendering metrics, the only possible comparisons involve the IES TM-30-15 Fidelity Index (IES Rf 15 ), the new CIE Rf or the ANSI/IES Rf 18 as they are identical, and the CIE General Colour CRI (Ra). For a sample of 546 SPDs of varying CCTs, Khanh et al. found that the correlation coefficient between IES Rf 15 and CIE Ra to be 0.92. 36 Unfortunately, correlations can hide large differences that may be of practical significance. A number of studies looking at the distribution of differences for a large number of SPDs have found that the differences between the various colour fidelity metrics for the same SPD can vary from zero to 30 or more, depending on the nature of the SPDs, colours and colour spaces used in the calculations. 27, 37 There is a tendency for broad band spectra to be associated with smaller differences between metrics for the same light source than narrow band light sources. Broad band light sources have SPDs that vary slowly with wavelength, e.g. tungsten halogen and phosphor-converted LEDs. Narrow band light sources have SPDs that have rapid variations with wavelength, e.g. discharge light sources and colour-mixed LEDs. 27,36.37 The small differences that tend to be found for broad band light sources have led to suggestions that there is little to be gained by using the IES Fidelity Index (IES Rf 15 ) rather than the CIE General CRI (Ra) although adopting the IES TM-30-15 Gamut Index (Rg 15 ), or something similar, would be beneficial. 38 This suggestion serves to emphasize the most important advantage of ANSI/ IES TM- , that it has more than one metric. It complements its single number IES Fidelity Index with the single number IES Gamut Index to provide additional information about the colour shifts. By slicing and dicing the data in different ways, it produces several more indices and turns part of the data into a graphic display. At the very least, ANSI/IES TM-30-18 can be said to move colour rendition away from a single number fidelity metric to a multi-measure system, a move that has been advocated for some time.
18,23,39
How easy are the new colour metrics to use?
A method for calculating Duv has been published for anyone who wishes to do that. 12 However, for most people it will suffice to understand a given Duv value.
As for ANSI/IES TM-30-18, this offers a whole suite of metrics and graphics that provide different audiences with different levels of information. 29 This would be of little value if the calculations required to generate the new colour metrics proved to be difficult and time-consuming. Of course, light source manufacturers could do the calculations for their products and almost certainly will during product development but will they publish all the resulting data when the product is marketed? To avoid this potential barrier to implementation of ANSI/IES TM-30-18, the IES produced an Excel tool to complete all the calculations. The IES made ANSI/IES TM-30-18 and the calculation tool freely available to anyone who wants to download it. The only input required is the SPD of the light source of interest in increments of 5 nm or less. The calculation tool for calculating the CIE Rf is New colour metrics and their use 675 available from the CIE, at a cost, and from some manufacturers for free.
What are the limitations of the new colour
metrics? Duv has no real limitations. The main limitations of the CIE Rf are that it is an averaged metric, which hides a lot of information, and it is a single metric, which ignores other aspects of colour rendition such as the effect of gamut size and shape.
The new colour metrics now presented in ANSI/IES TM-30-18 have a number of limitations.
First, the average metrics (IES Rf 18 and IES Rg 18 ) may give inaccurate estimates of the colour shifts that will be found for specific colours or limited colour ranges because they are averaged over the whole hue circle. For examining the effect of a given light source on a specific colour range, the 'local metrics' should be used. For specific colours the CES with the spectral reflectance closest to that of the colour of interest or even the spectral reflectance of the colour of interest can be used to calculate the colour shift occurring under different light sources.
Second, it should be clear that the new colour metrics are not intended as measures of colour preference as this will vary with context. 40 However, there is some evidence that different combinations of the various metrics can give reasonable predictions of people's responses to questions about naturalness, vividness, preference and acceptability. 23, 41, 42 Third, the new colour metrics rely on the colour shifts between the test light source and a reference illuminant of the same CCT. This means they should not be used to compare light sources with very different CCTs, as then the test light sources being compared will have very different reference illuminants. Rather, the designer should choose the CCT required before deciding on the colour rendering properties of the light source.
Fourth, although the 99 CES used in the calculations of the new colour metrics are drawn from a database of more than 100,000 object colours, none of them contained whitening agents that fluoresce under some forms of radiation. Work on developing metrics for such objects is ongoing. 43 
Summary 4
Anyone considering the use of the new colour metrics for lighting practice has to consider the following questions. How well accepted are the new metrics? Duv has been widely accepted by the lighting industry and is a common feature of commercial technical information. The same cannot be said of the new colour metrics for colour rendition. None, other than CIE Rf, have been recognised by the CIE although ANSI/IES TM-30-18 is an American standard. However, some light source manufacturers selling in North America and in other countries now provide information on their products expressed in terms of the ANSI/IES TM-30-18 colour metrics and designers are beginning to request them. How much difference do they make? The only comparison that can be made between existing and new colour metrics involve the IES TM-30-15 Fidelity Index, the new CIE Fidelity Index or the ANSI/IES TM-30-18 Fidelity Index, as they are identical, and the CIE General Colour CRI. The differences between these metrics for the same light source depend on the form of the spectrum and can vary from zero to 30 plus. How easy are the new colour metrics to use? For Duv, a calculation method has been published but most people will accept a value given by the light source manufacturer. As for the suite of metrics and graphics available through ANSI/IES TM-30-18, these can easily be accessed because the IES has produced an Excel calculation tool to complete all the calculations. This is available to download for free. The only input required is the SPD of the light source of interest in increments of 5 nm or less. What are the limitations of the new colour metrics? Duv has no real limitations. The new colour rendition metrics have some limitations. First, the overall average metrics do not give accurate estimates of the colour shifts that will be found for specific colours. For examining the effect of a given light source on a specific colour range, the metrics based on the hue-circle bins should be used. Second, taken individually, the new metrics cannot be taken as being related to colour preference but some combination may be. Third, metrics obtained with reference sources of very different correlated colour temperature should not be compared. Fourth, none of the colour samples used in the calculations contained whitening agents.
Patterns of use
Given the range of new colour metrics available it is now necessary to consider how they might be used and by whom.
Duv values are being reported by increasing numbers of light source manufacturers in their technical literature to demonstrate the quality of their products. As long as the user is aware of what standards apply 11 there is no difficulty in using this metric. However, exactly what Duv values are adopted may change over time as it has been found that below a CCT of 4000 K, the perception of white falls below the Plankian locus. 41 What impact this may have on the Duv values used at different CCT values remains to be seen.
A number of light source manufacturers already provide ANSI/IES TM-30-18 metrics for their products but which ones are used will depend on what knowledge the user has of the surface colours likely to be present in the space to be lit. At one extreme are the writers of lighting standards and guidance. They have no knowledge about the conditions under which their recommendations will be used and, to be effective, their recommendations need to be quantitative. Therefore, they are likely to make most use of the IES Fidelity Index (IES Rf 18 ) and the IES Gamut Index (IES Rg 18 ). At the other extreme, a lighting designer who knows the dominant surface hues in the space to be lit is more likely to use the colour vector graphic, the Local Colour Fidelity, Local Chroma Shift and Local Hue Shift metrics as it has been found that colour preference depends not just on the size but also the shape of the colour gamut. 41, 42 Somewhere in between are those who prepare contract specifications. The new colour rendition metrics offer the opportunity for writing a much tighter specification should that be desired. Finally, given the potential for matching a light source to how people prefer objects and spaces to appear by adjusting the gamut shape, it is inevitable that light source manufacturers will also be among the main users of the new colour rendition metrics. More generally, ANSI/IES TM-30-18 provides a solution to a dilemma lighting practice has long had regarding colour rendition when the CIE General CRI was the only metric, i.e. how to balance simplicity and accuracy. 17 By providing different levels of detail for fidelity and hue and chroma shifts, different users can gain access to the information appropriate to their application.
Summary 5
Duv, is already widely used by both manufacturers and lighting designers. The new colour rendition metrics are just starting to enter use. Which of the various metrics will be used will depend on what knowledge the user has of the surface because the IES has produced an Excel calculation tool to complete all the calculations. This is available to download for free. The only input required is the SPD of the light source of interest in increments of 5 nm or less. What are the limitations of the new colour metrics? Duv has no real limitations. The new colour rendition metrics have some limitations. First, the overall average metrics do not give accurate estimates of the colour shifts that will be found for specific colours. For examining the effect of a given light source on a specific colour range, the metrics based on the hue-circle bins should be used. Second, taken individually, the new metrics cannot be taken as being related to colour preference but some combination may be. Third, metrics obtained with reference sources of very different correlated colour temperature should not be compared. Fourth, none of the colour samples used in the calculations contained whitening agents.
Patterns of use
Summary 5
Duv, is already widely used by both manufacturers and lighting designers. The new colour rendition metrics are just starting to enter use. Which of the various metrics will be used will depend on what knowledge the user has of the surface New colour metrics and their use 677 colours likely to be present in the space to be lit. Writers of lighting standards and guidance have no knowledge about the conditions under which their recommendations will be used so they are most likely to use the IES Fidelity Index and the IES Gamut Index from ANSI/IES TM-30-18. For those who know the dominant surface hues in a space to be lit, the colour vector graphic and the various metrics based on the relevant hue-angle bins will be of more value. Inevitably, light source manufacturers will be frequent users of the new colour rendition metrics.
The future
It should not be imagined that the colour metrics now available represent the ultimate development in this field. Indeed, it is likely that changes will continue to occur, although ANSI/IES TM-30-18 has set the direction of development. Probably, the first changes will occur in lighting standards and recommendations. Currently, CCT and CIE General CRI are the only two colour metrics found in most national and international lighting standards, although ANSI/IES TM-30-18 now forms part of the American standards. It can safely be predicted that Duv will soon be introduced alongside CCT in standards and recommendations. How and when the replacement of CIE General CRI will occur is less certain. This is because the CIE, which is the international body recognised as being responsible for approving photometric and colorimetric quantities, has yet to produce a comparable system to that promulgated in ANSI/IES TM-30-18. Indeed, to date it has only produced a fidelity metric although it does have a Technical Committee working on preference-related colour properties of light sources beyond fidelity. Ideally, the CIE and the IES would get together to rapidly produce a comprehensive system for evaluating light source colour rendition that could be internationally recognized and adopted in standards and recommendations. Until that happens, there is nothing to stop a designer complying with standards based on CIE General CRI while using the various indices developed in ANSI/ IES TM-30-18, particularly the colour vector graphics, to explore how surfaces will appear under a light source of interest. Indeed, it is to be hoped that in the future the minimum set of data considered acceptable for describing the colour properties of a light source are the CCT and the associated Duv value, the CIE Rf or the matching ANSI/IES Rf 18 together with the ANSI/IES TM-30-18 Gamut Index (IES Rg 18 ) and the ANSI/IES TM-30-18 Colour Vector Graphic.
Thus, the story of new colour metrics is by no means finished. One question that is currently receiving attention is the interaction between the perception of colourfulness and illuminance. Another area of interest is the ability to use TM-30 metrics at different chromaticities. 44 Yet another area of study that reflects the apparently inevitable desire to reduce the complexity of colour to a single number is the search for an overall colour quality metric. This is to be achieved by identifying different weights to be given to each of the metrics described above for different applications. Of course, such developments lie in the future. The current state of play is that the introduction of Duv has been accepted with little argument but the step away from a single colour rendering metric, CIE General CRI, towards a set of metrics and graphics as offered by ANSI/IES TM-30-18 is still being digested. Despite this, there can be little doubt that ANSI/IES TM-30-18 provides a very attractive means for manufacturers and lighting designers to explore the wonderful world of colour.
Summary 6
Duv will soon be introduced alongside correlated colour temperature in standards colours likely to be present in the space to be lit. Writers of lighting standards and guidance have no knowledge about the conditions under which their recommendations will be used so they are most likely to use the IES Fidelity Index and the IES Gamut Index from ANSI/IES TM-30-18. For those who know the dominant surface hues in a space to be lit, the colour vector graphic and the various metrics based on the relevant hue-angle bins will be of more value. Inevitably, light source manufacturers will be frequent users of the new colour rendition metrics.
The future
Summary 6
Duv will soon be introduced alongside correlated colour temperature in standards and recommendations as it has been approved by the CIE. How and when the replacement of CIE General Colour Rendering Index will occur is less certain. What is certain is the ANSI/IES TM-30-18 has set the direction of development in colour metrics. In the future the minimum set of data considered acceptable for describing the colour properties of a light source are likely to be the correlated colour temperature and the associated Duv value, the CIE Fidelity Index or the matching ANSI/IES TM-30-18 Fidelity Index together with the ANSI/IES TM-30-18 Gamut Index and the ANSI/IES TM-30-18 Colour Vector Graphic.
